INTRODUCTION
============

Kainic acid (KA), a glutamate derivative, is an epileptogenic agent known to induce neuronal cell death \[[@B1]\]. The hippocampus is vulnerable to KA-induced damage, which leads to neuronal cell death and seizures \[[@B2]\]. KA injection activates both astrocytes and microglia related to cell apoptosis and increases inflammatory cytokines in damaged hippocampal neuronal cells \[[@B3]\]. KA-induced blood-brain barrier (BBB) leakage is associated with ionic imbalance and nuclear factor-κB (NF-κB) activation \[[@B4][@B5]\]. Thus, inhibition of neuroinflammation and neurovascular breakdown may be critical to protect against seizures-induced neuronal death.

Statins are recommended by American Heart Association as a standard element of stroke treatment due to their apparent neuroprotective role after stroke. In stroke patients, 35% with early onset seizures and 90% with late onset seizures developed epilepsy \[[@B6]\]. Several studies have provided convincing evidence that short-term statin treatment in acute stroke patients may have neuroprotective effects \[[@B7]\]. Atorvastatin inhibits 3-hydroxy-3-methylglutaryl coenzyme-A (HMG Co-A) reductase, which plays an important role in the production of cholesterol biosynthesis. Atorvastatin has vascular protective effects and many other pleiotropic effects such as anti-inflammatory and neuroprotective effects regardless of changes in cholesterol levels \[[@B8]\]. Previous studies reported that pretreatment with atorvastatin or other statins may have beneficial effects, including infarct volume reduction, improvement of neurological deficits in mouse models of cerebral ischemia \[[@B9]\], and inhibition of neuroinflammation and hippocampal cell death in KA-induced seizures \[[@B10][@B11]\]. Little is known about the precise mechanism for the protective effects of atorvastatin in KA-induced neuronal cell death.

Lipocalin-2 (LCN2) was originally shown to sequester iron and thereby induce anti-microbial defense responses \[[@B12]\]. LCN2 is important for cellular apoptosis *in vitro* \[[@B13]\]. Lipopolysaccharide (LPS) treatment upregulates LCN2 mRNA expression by activating the Toll-like receptor 4 (TLR4) signaling pathway \[[@B14]\]. LCN2 acts as an adipokine inducer in the brain \[[@B15]\], and studies in animal brain injury models, such as LPS-induced neuroinflammation, encephalomyelitis, and cerebral ischemia, report that LCN2 contributes to neuronal cell death \[[@B16]\]. In particular, reactive astrogliosis is closely associated with LCN2 expression \[[@B17]\]. No studies on the neuroprotective effects of atorvastatin (AS) on hippocampal LCN2 expression in KA-induced neuronal cell death have been reported. Thus, our study aims to investigate the neuroprotective effect of AS pretreatment on KA-induced neuronal cell death. We explored the anti-inflammatory effects of AS LCN2 expression and neuroinflammation in a KA-induced mouse seizure model.

METHODS
=======

Animals
-------

Male ICR (25-30 g) mice were purchased from KOATECH Co. (Pyeongtaek, South Korea) and housed under a 12/12-h light/dark schedule. Mice were provided with water and standard chow ad libitum for 1 week prior to any experimental procedures. All animal experiments were approved by the Institute of Animal Care and Use Committee of Gyeongsang National University (GNU-140922-M0046).

Drug treatment and seizure induction
------------------------------------

### Experiment 1

Mice were treated with an intraperitoneal injection of 30 mg/kg KA (Abcam, Cambridge, MA, USA). Control mice (n=5) were injected with an equivalent volume of 0.9% normal saline. Mice in the experimental group (n=6 mice per group) were sacrificed 2, 6, or 24 h after systemic KA injection.

### Experiment 2

Animals were randomly divided into the following four groups: control (CTL, n=14), KA-induced seizure mice (KA, n=15), seizure mice pretreated with AS (Lipitor®, Daewoong Bio. Inc., South Korea) for 7 d (KA+AS, n=15), and mice treated only with AS (n=14). In order to evaluate the efficacy of AS in seizures mice, mice were treated orally with 10 mg/kg AS emulsified in saline once a day 7 before KA treatment. The dose of AS was based on previous studies in KA-treated seizure rats and has been shown to reduce seizure activity and hippocampal neuron death \[[@B10][@B18][@B19]\]. Then, mice were treated with an intraperitoneal injection of 30 mg/kg KA. Control mice were injected with an equivalent volume of normal saline. After KA or saline injection, the seizure activity was scored during the 2 h observation period. Seizure activity was evaluated using a six-point seizure scale, as described previously \[[@B20]\]. All mice were euthanized via decapitation 24 h after KA treatment.

Tissue preparation
------------------

For tissue preparation, mice (CTL or AS, n=5; KA or KA+AS, n=7) were deeply anesthetized with 5 mg/kg Zoletil (Virbac Laboratories, Carros, France), and subjected to transcardial perfusion of heparinized saline. Mice brains were fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). After 6 h of post-fixation, the brains were immersed in 15% sucrose in 0.1 M PBS, and then in 30% sucrose in 0.1 M PBS at 4℃. Brains were embedded in OCT (Tissue-Teck), frozen, and then cut into 40-µm thick sections. Sections were performed cresyl violet.

TUNEL assay
-----------

TUNEL was performed on frozen tissue sections using an in situ cell death detection kit (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer\'s protocol. The sections were examined under a microscope (BX51-DSU, Olympus, Tokyo, Japan), and digital images were captured. For each treatment group, TUNEL-positive cells were manually counted in the CA3 region (50×50 µm) in three sections (n=5--7 mice/group). The cells were counted by observers who were blinded to the treatment conditions.

Immunofluorescence
------------------

Free-floating brain tissue sections were incubated with two antibodies: mouse anti-glial fibrillary acidic protein (GFAP, Santa Cruz Biotechnology, Dallas, TX, USA; 1:500) antibody; goat anti-LCN2 (Abcam, Cambridge, UK; 1:200) antibody; rabbit anti-Iba-1 (Wako Pure Chemical Industry Richmond, VA, USA; 1:200). Samples were washed with 0.1 M PBS and incubated with Alexa Fluor 488-conjugated donkey anti-mouse or 594-anti-goat secondary antibodies (Invitrogen Life Technologies, Carlsbad, CA, USA) for 1 h at room temperature. The sections imaging were carried out using a microscope and captured (BX51-DSU, Olympus), three consecutive sections per animal were analyzed and similar sections were used.

Immunohistochemistry
--------------------

The brain sections were incubated with rabbit anti-cyclooxigenase-2 (COX-2, Cayman Chemical, Ann Arbor, MI, USA; 1:300). After 14 h incubation at 4℃, sections were washed and incubated for 1 h at RT with the biotinylated secondary antibody. Brain sections were processed with ABC solution (Vector Laboratories, CA, USA) and the DAB kit (Sigma, St. Louis, MO, USA). Sections were mounted on slides using standard protocols. The stained slides were examined and imaged under a microscope (Olympus).

Western blot analysis
---------------------

Brains from mice that were anesthetized with Zoletil (CTL or AS, n=6; KA or KA+AS, n=7) were immediately removed from the skull. The hippocampus was dissected and frozen. Protein expression was analyzed as previously described \[[@B21]\]. Briefly, proteins were subjected to immunoblotting with anti-GFAP (Sigma, 1:1,000), anti-Iba1 (Wako, 1:1,000), anti-LCN2 (R&D Systems, Minneapolis, MN, USA; 1:1,000), anti-phospho AKT (Ser473, Cell Signaling Technology, Danvers, MA, USA; 1:1,000), anti-AKT (Cell Signaling, 1:1,000) and anti-COX-2 (Cayman Chemical, 1:1,000) antibodies. To determine relative protein amounts, β-actin (Sigma, 1:30,000) was used as an internal control. The PVDF membranes were visualized with an ECL substrate (Pierce, Rockford, IL, USA) and band intensities were measured with the Multi Gauge v 3.0 image analysis program (Fujifilm, Tokyo, Japan).

Statistical analysis
--------------------

Differences between time-dependent groups or between the experimental groups (CTL, KA, KA+AS, and AS) were determined with one-way analysis of variance (ANOVA), followed by *post-hoc* analysis with a Student-Newman-Keuls test or a Student\'s *t*-test when only two groups were compared. Values are expressed as the mean±standard error of the mean (S.E.M.). A p-value \<0.05 was considered statistically significant.

RESULTS
=======

Effect of KA pretreatment on altered LCN2 expression in the mouse hippocampus
-----------------------------------------------------------------------------

To determine whether KA treatment induces LCN2 expression in mice, we examined hippocampal LCN2 expression in mice 2, 6, and 24 h after systemic KA injection ([Fig. 1](#F1){ref-type="fig"}). The expression levels of LCN2 in the hippocampus were significantly increased 6 h after KA treatment and were further increased 24 h after KA.

Effect of AS pretreatment on seizure activity in KA-treated mice
----------------------------------------------------------------

To assess the effect of pretreatment with AS on neuroprotection in mice with KA-induced seizures, we administered AS for 7 days at a dose of 10 mg/kg as previously reported \[[@B10][@B18][@B19]\]. We evaluated the anticonvulsant effects of AS in KA-induced seizures by monitoring the behavioral seizure activity and percent survival for 2 h after KA treatment ([Fig. 2A and B](#F2){ref-type="fig"}). AS pretreatment reduced the seizure activity scores to \>3 in KA-induced seizures mice. In addition, the KA group had significantly more severe seizures than the KA+AS group, beginning 40 min after KA-injection (p\<0.001, [Fig. 2A](#F2){ref-type="fig"}). Mice treated with KA+AS had a higher survival rate than those treated with KA alone ([Fig. 2B](#F2){ref-type="fig"}).

Effect of AS pretreatment on neuroprotection in KA-treated mice
---------------------------------------------------------------

As hippocampal LCN2 expression levels were increased 24 h after KA treatment ([Fig. 1](#F1){ref-type="fig"}), we sought to evaluate the neuroprotective effects of AS pretreatment. Mice were sacrificed 24 h after KA injection, and brain sections were examined with cresyl violet and TUNEL staining ([Fig. 2C](#F2){ref-type="fig"}). Cresyl violet staining showed that KA-treated mice exhibited significant cell death in the hippocampal CA3 region, where the pyramidal neurons had typical pyknotic nuclei; however, these apoptotic nuclei did not appear in the hippocampus of the KA+AS mice. The KA mice displayed more TUNEL-positive nuclei than control mice, confirming that the observed cell death was apoptotic, and this robust TUNEL labeling in the CA3 neurons of KA mice declined after AS pretreatment. Specifically, the number of TUNEL-positive cells (38.0±4.0) in the KA-treated hippocampus was decreased by AS (1±0.6). These results suggest that AS pretreatment protects KA-induced hippocampal cell death.

Effect of AS pretreatment on LCN2 expression in KA-treated hippocampus
----------------------------------------------------------------------

LCN2 expression was observed in the pyramidal cell layers of CA1-3 of the hippocampus, co-localizing with mostly the neuronal marker NeuN and to a lesser extent, with the astrocyte marker GFAP \[[@B22][@B23]\]. To determine whether the expression of LCN2 is affected by AS pretreatment in KA-induced seizures, we performed immunoblotting and immunofluorescence analysis with LCN2 antibody ([Figs. 3A and B](#F3){ref-type="fig"}). KA-induced hippocampal LCN2 expression was significantly reduced by AS pretreatment ([Fig. 3A](#F3){ref-type="fig"}). Double immunofluorescence analysis revealed that many LCN2-positive cells colocalized with GFAP expression around KA-induced neuronal death (neuronal loss) in the CA3 regions ([Fig. 3B](#F3){ref-type="fig"}). However, few LCN2-positive astrocytes were detected in the KA+AS-treated hippocampus. As shown in [Fig. 3B](#F3){ref-type="fig"}, KA-induced neuronal death or loss in the CA3 regions was evident. These lesions consisted of a few neurons and many activated glial cells including astrocytes and microglia. Compared to control mice, LCN2 expression was observed in many reactive astrocytes in CA3 of the hippocampus, co-localizing with mostly GFAP and to a lesser extent in the pyramidal cell layers of CA3. Thus, the representative microphotographs do not appear to completely support the western blot data ([Figs. 3A and B](#F3){ref-type="fig"}). In addition, we found that few LCN2-positive cell was colocalized with Iba-1 ([Fig. 3C](#F3){ref-type="fig"}). These findings indicate that reactive astrocyte-derived LCN2 may play an important role in KA-induced neuroinflammation.

Effect of AS pretreatment on hippocampal inflammation in KA-treated mice
------------------------------------------------------------------------

COX-2 expression is induced at regions of inflammation and localizes to pyramidal neurons in KA-treated hippocampus \[[@B24]\]. To determine whether AS attenuates KA-induced COX-2 expression in the hippocampus, we performed immunoblotting and immunofluorescence analyses with the COX-2 antibody ([Figs. 4A and B](#F4){ref-type="fig"}). We observed that KA-induced hippocampal COX-2 expression was significantly reduced by AS pretreatment ([Fig. 4A](#F4){ref-type="fig"}). Consistently, KA+AS mice had a significant decrease of COX-2 immunoreactivity in the hippocampus CA3 compared with KA-treated mice. In addition, we performed immunoblotting analysis of astrocyte-specific GFAP ([Fig. 4C](#F4){ref-type="fig"}) and microglia-specific Iba-1 ([Fig. 4D](#F4){ref-type="fig"}). These results, which are consistent with LCN2-associated glial inflammation, indicated that KA-induced glial activation was significantly inhibited by AS pretreatment.

Effect of AS pretreatment on AKT phosphorylation in KA-treated hippocampus
--------------------------------------------------------------------------

The neuroprotective role of statins is associated with AKT phosphorylation in brain injury \[[@B25][@B26]\]. To evaluate whether AS pretreatment affects pAKT and total AKT expression levels in the hippocampus 24 h after KA treatment, we performed western blot analysis ([Fig. 5A](#F5){ref-type="fig"}). AS significantly inhibited KA-induced upregulation of pAKT expression in KA-treated hippocampus, and we detected no changes in hippocampal pAKT or total AKT expression in mice treated with only AS ([Fig. 5B](#F5){ref-type="fig"}).

DISCUSSION
==========

KA treatment in mice induces progressive limbic seizures, leading to neuronal death and an inflammatory response in the hippocampus \[[@B2]\]. Here, we found that AS pretreatment attenuated KA-induced seizure activity, hippocampal neuronal damage, and inflammation as indicated by reduction of enhanced LCN2 and COX-2 expression. Our results were consistent with a previous study, which reported that KA-induced neuronal cell death was less prominent in mice that were treated with statin than in non-treated mice \[[@B10]\]. Our data indicate that AS pretreatment attenuates KA-induced glial cell activation, neuroinflammation, and neuronal cell death. Therefore, we suggest that AS may exert beneficial effects to control seizures and other neurological disorders associated with excitotoxicity.

Statins inhibit HMG-CoA reductase and are used to prevent secondary ischemic stroke and coronary heart disease \[[@B27][@B28]\]. Recently, statins have been recognized as neuroprotective and anti-inflammatory drugs as well \[[@B29][@B30]\]. A previous study showed that both lovastatin and simvastatin, but not AS, have potential for the treatment of neurodegenerative diseases \[[@B31]\]. By contrast, another study reported that AS inhibits KA-induced seizures, neuroinflammation, and hippocampal cell death \[[@B10]\]. In our study of mice with KA-induced seizures, we confirmed that AS reduced neuronal cell death and attenuated neuroinflammation including COX-2 expression and glial activation. These results were consistent with the previously reported neuroprotective role of AS and other statins (simvastatin and lovastatin) in KA-induced brain damage \[[@B10][@B31][@B32][@B33]\]. A previous study reported that the observed neuroprotective effect of AS was not accompanied by changes in cholesterol levels in plasma or cerebral cortex or by changes in BBB permeability from pentylenetetrazol-induced seizures \[[@B19]\]. In the present study, however, we did not evaluate whether AS pretreatment was accompanied by changes in cholesterol levels in plasma or hippocampus in mice with KA-induced seizures. These parameters could be measured in future studies in order to identify the relationship between cholesterol levels and the anti-inflammatory effects of statins and to elucidate the molecular mechanisms underlying these effects in hippocampal neurons.

LCN2 is a siderophore-binding protein. *In vivo* studies demonstrated that LCN2 expression is associated with excitotoxic brain injury and reactive astrogliosis \[[@B34][@B35]\]. In rats, KA treatment activates many proinflammatory cytokines such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and inducible nitric oxide synthase (iNOS), ultimately leadings to astrocyte activation and induction of neuronal cell apoptosis \[[@B10]\]. Our findings are consistent with a previous report that hippocampal LCN2 expression levels in rats were increased 24 h after LPS or KA treatment \[[@B34]\]. Furthermore, Chia et al. \[[@B34]\] demonstrated that increased LCN2 expression is maintained for 3 d to 2 weeks after KA treatment. In addition, our findings are consistent with our previous report that hippocampal COX-2 expression is significantly increased 6 h after KA treatment \[[@B24]\]. These data indicate that LCN2 acts as a chemokine inducer in KA-induced neuronal damage and are also consistent with the notion that LCN2 plays a key role in regulating astrocyte activation \[[@B36]\], as this protein is a well-characterized marker of reactive astrocytes under neuroinflammatory conditions \[[@B17]\]. LCN2-positive cells colocalize with NeuN-positive neurons in rat brains during ischemia \[[@B37]\], and this factor is released by damaged neurons as a damage signal that elicits further reactive astrocytosis. We found that LCN2 staining was particularly evident in KA-treated hippocampus and colocalized with GFAP-positive astrocytes. Importantly, these increases were reversed by AS pretreatment. Finally, our findings indicate that KA-induced COX-2 expression and glial activation were inhibited by AS pretreatment. These results suggest that AS inhibits KA-induced neuroinflammation and protects neuronal cell death in mice with KA-induced seizures via two mechanisms. First, AS could attenuate proinflammatory cytokines, which activate astrocytes. Second, this factor could attenuate reactive astrocytes via regulation of LNC2 expression.

AKT phosphorylation serves an important function in the neuronal survival pathway via NF-κB, Bad, and caspase 9 \[[@B38]\]. Increased p-AKT (Ser473) has been reported to prevent quinolinic acid-induced neuronal death \[[@B26]\], and immunohistochemical analysis revealed an increase of hippocampal expression of p-AKT (Ser473) in the CA3 region 24 h following KA-induced seizures \[[@B39]\]. Noshita et al. \[[@B40]\] reported that dephosphorylation of AKT (Ser473) occurred at the ischemic core while undamaged areas displayed an upregulation of p-AKT. In addition, a global ischemia-induced transient increase of p-AKT in the hippocampus has been described in delayed neuronal death \[[@B41]\]. Thus our findings suggest that increased p-AKT expression in areas adjacent to damaged areas may contribute to these areas remaining undamaged in KA-treated hippocampus. These data support a role for p-AKT (Ser473) in neuronal survival following excitotoxicity-induced brain injury. Contrary to our observations, AKT phosphorylation was reduced in KA-treated hippocampus 24 h following KA treatment in another study \[[@B42]\]. The reasons for this contradictory results are not clear, but may be related to a different dose of KA or a different age and species of mouse. Nonetheless, the present study unequivocally demonstrated that AS pretreatment significantly reverses KA-induced AKT phosphorylation.

In conclusion, we confirmed the protective effect of AS pretreatment against neuronal cell death and on neuronal and astrocytic LCN2 expression. Recent work reported that statin treatment reduces the risk of post-stroke early onset seizures and prevents progression into chronic epilepsy in patients \[[@B43]\]. We suggest that the anti-inflammatory activity of statins will be an effective therapeutic strategy for patients with epilepsy. Future work will focus on the molecular genetic basis of these interactions.
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![Effect of KA treatment on hippocampal LCN2 expression in mice.\
(A) Western blot showing altered LCN2 expression in KA-treated hippocampus. The hippocampal LCN2 expression appeared 6 h after KA treatment. (B) Quantitative expression of LCN2 protein from the western blot analysis. Densitometric values for LCN2 were normalized to β-actin levels. The mean values were obtained from two separate experiments (n=5-6 mice per group). Data are shown as mean±SEM. ^\*^p\<0.05 *vs.* KA.](kjpp-22-301-g001){#F1}

![Effect of atorvastatin pretreatment on seizure activity and hippocampal cell death in KA-treated mice.\
At 24 h after KA systemic injection, seizure activity was scored during the 2 h observation period. Behavioral seizure scores (A) and percentage of survival (B) in KA-treated mice with or without AS are shown. Data (n=15 mice per group) are shown as mean±SEM. ^\*^p\<0.05 *vs.* KA. (C) Representative microphotographs of cresyl violet-stained sections and immunofluorescent images of TUNEL-stained sections in CA3 regions. The boxed area of cresyl violet-stained images is magnified in the center panel. Scale bar=50 mm.](kjpp-22-301-g002){#F2}

![Effect of atorvastatin pretreatment on LCN2 expression in KA-treated hippocampus.\
(A) Western blots show hippocampal LCN2 expression 24 h after KA treatment. Densitometric values of LCN2 expression from three separate experiments (n=6--7 mice per group) were normalized to β-actin levels. ^\*^p\<0.05 *vs.* CTL. ^†^p\<0.05 *vs.* KA. Representative images of double-immunofluorescence staining for LCN2 (red) and GFAP (green) (B) and LCN2 (red) and Iba-1 (green) (C) in the CA3 region of CTL, KA, KA+AS, and AS mice. Scale bar=50 µm.](kjpp-22-301-g003){#F3}

![Effect of atorvastatin pretreatment on neuroinflammation in KA-treated hippocampus.\
(A) Western blots show hippocampal COX-2 expression 24 h after KA treatment. Densitometric values of COX-2 expression from three separate experiments (n=6--7 mice per group) were normalized to β-actin levels. ^\*^p\<0.05 *vs.* CTL. ^†^p\<0.05 *vs.* KA. (B) Representative images of immunostained COX-2 in the hippocampus of CTL, KA, KA+AS, and AS mice. The boxed area of each image is magnified in the lower panel. Scale bar=50 mm. (C) Western blots show hippocampal GFAP (C) and Iba-1 (D) expression 24 h after KA treatment. Densitometric values (n=6--7 mice per group) for GFAP and Iba1 were normalized to β-actin levels. ^\*^p\<0.05 *vs.* CTL. ^†^p\<0.05 *vs.* KA-treated mice.](kjpp-22-301-g004){#F4}

![Effect of atorvastatin pretreatment on AKT phosphorylation in KA-treated hippocampus.\
(A) Western blot shows p-AKT and AKT expression in KA-treated hippocampus. (B) Quantitative expression of p-AKT and AKT protein from the western blot analysis. Densitometric values of expression of each protein from three separate experiments (n=6--7 mice per group) were normalized to β-actin levels. Data are shown as mean±SEM. ^\*^p\<0.05 *vs.* CTL. ^†^p\<0.05 *vs.* KA-treated mice.](kjpp-22-301-g005){#F5}
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